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PREFACE

The work reported herein was conducted by the Arnold Engineering Development
Center (AEDC), Air Force Systems Command (AFSC), at the request of the Air Force
Armament Laboratory (AFATL/DLIC), AFSC. The AFATL Project Monitor was Capt.
R. Grow. The results presented were obtained by ARO, Inc., AEDC Division (a Sverdrup
Corporation Company), operating contractor for the AEDC, AFSC, Arnold Air Force
Station, Tennessee, under ARO Projects No. P34A-D4A, P41A-PSA, and P34A-SBA, The
manuscript was submitted for publication on November 17, 1978.
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1.0 INTRODUCTION

The lack of accurate experimental data has been a major restriction to the development
of analytical techniques for computing wing/store flow fields. Shock waves embedded in the
flow fields, often accompanied by regions of flow instability, make measurement by
conventional means unreliable. Mechanical probe interference sometimes scverely afters the
quantities being measured. The laser velocimeter (LV) is capable of obtaining nonperturbed
aerodynamic data of the type required. This investigation was conducted to obtain the
velocity distributions in the transonic flow field surrounding a store within the interference
flow ficlds of a wing and additional stores. The flow-ficld surveys were conducted in the
Arnold Engineering Development Center (AEDC) Aerodynamic Wind Tunnel (1T) (Tunnel
1T) using a two-component LV system. Model surface pressure and shadowgraph data were
also obtained for the wing/store configuration and for several single and multiple store com-
binations.

2.0 APPARATLUS
2.1 TEST FACILITY

The AEDC Tunnel IT is a continuous flow, open-circuit wind tunnel that can be
operated over a Mach number range from 0.20 to 1.50. The tunnel operates at a constant
stagnation pressure of approximately 2,850 psfa with the capability of varying the stagnation
temperature from 80 to 120°F above ambient temperature. A complete description of the
facility is included in Ref. 1.

The four test section walls were perforated with the exception of the window areas. A
flat-ground and polished LV-quality window was installed in the sidewall adjacent to the LV
from station 14.6 to station 26.6. The wing mount and a lower quality plexiglass port were
located between the same tunnel stations along the opposite wall. The installation appears in
Fig. 1.

2,2 TEST ARTICLES

Test hardware included two pressure instrumented 1/20-scale store models, one of the
MK-83 and one of the M-117, in addition to two solid models of each store for the multiple-
store configurations. The wing was swept 45 deg with a constant 6-in. chord NACA 0005-34
airfoil cross section. Dimensions of the models and the locations of the pressure orifices are
presented in Figs. 2 and 3, respectively. The configuration identification and coordinate
system are given in Fig. 4. The seven test configurations are shown in Fig. 5.
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2.3 INSTRUMENTATION

The standard tunnel system was used to record the test conditions and model pressures.
A shadowgraph system was used to determine shock locations for selected model
configurations and Mach numbers. High-speed motion pictures were obtained for
configuration 111 to assess its vibration characteristics and to determine the relative motion
between the store and the wing. Since no significant vibration was observed, no other
configurations were photographed.

A two-component LV (Refs. 2 through 7) was used to provide flow-field measurements.
The LV and associated processing equipment are shown in Figs. 6 and 7, respectively.

3.0 PROCEDURE
3.1 TEST CONDITIONS

The experimental program was conducted in three pheses. Phase 1, involving model
configurations 111, 100, and Ol1, was designed 1o investigate the mutual interference
between the selected wing and a single MK-83 store at a transonic Mach number. The
particular tunnel condition, M, = 0.92, was determined experimentally as the lowest Mach
number for which a shock (shown in Fig. 8) was firmly established between the store and the
wing lower surface (configuration 111). Configurations 100 and (11 were tested at the same
tunnel condition so that zero interference data could be recorded for both the wing and the
store.

Phase II of the test program included the MK-83 single and multiple-store configurations
{011, 012, and 013). The models were tested at selected Mach numbers from 0.60 to 1.30.

In Phase III, the two M-117 multiple-store configurations (022 and 023) were
investigated at test conditions similar to those in Phase II.

A complete summary of test conditions is contained in Table 1.
3.2 DATA ACQUISITION
Flow-field surveys were made using the LV system previously described. Nominally,

1,000 individual particle velocities were recorded for use in the determination of the flow
properties at each selected point in the flow field. In most instances two minutes were
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required to complete an acquisition cycle, including the time required to reposition the
traversing system. Measurements within the wake or the boundary layer usually required
more time.

The focal volume position relative to the test model was recorded for each velocity data
set. Periodic corrections were found to be necessary, however, to minimize spatial error
caused by temperature effects. Since thermal expansion caused significant axial movement
of the wind tunnel, the linear displacement transducer shown in Fig. 9 was used to monitor
test section position. The cutput of the device was automatically combined with the traverse
axial position indicator signal by the computer to provide an accurate relative measurement.

3.3 DATA REDUCTION

Analysis of the data was conducted using the digital computer software described in Ref.
2. The statistical quantities computed for each data set include mean and mode velocities,
standard deviation, skewness, flatness factor (kurtosis) and Reynolds stress.

By taking advantage of the three-way symmetry of configurations 013 and 023 and
assuming a resulting symmetry of the flow, it has been possible to resolve the component of
velocity not measured dil%ctly by the velocimeter. As can be seen in Fig. 10a, three planes of
symmetry exist, each rotated 120 deg from the others about the configuration centerline.
Those sectors denoted by [ are identical. Those denoted by II are also identical and are a
mirror image of the adjacent sector (I).

The velocity components, V, and V,, were measured in constant x planes at poinis A
through G and a through g. Exercising the symmetry as illustrated in Fig. 10b results in two
vectors at each location. The measured vectors are, however, expressed in different
coordinate systems. To determine the resultant velocity or the velocity compenent, Vy, one
or both of the measured components must be transformed into the x, y, and z reference
frame. An example illusirating the operation on the vector components at point A is given in
Fig. 10c. Solving the Cartesian coordinate transformation equation for the y component
yields

v _ va cos @ - Vz-‘

¥A sin 0 (1

where V,, and V., are the measured component vectors and # is the rotation angle. The
total velocity vector magnitude can be found by combining the computed component, Vy,,
with the measured V,4 and V., .
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3.4 PRECISION OF MEASUREMENTS
3.4.1 Tunnel Condifions
Care was taken to allow the tunnel to stabilize before the relatively long data-recording

period. The resulting variation in mean free-stream Mach number and velocity was as
follows:

LY

Parameter Mo = 0.60 Mew =080 My, =1.10 Mo = 1.30
AM +0.001 +0.002 + (0.003 +0.001
AY o {ft/sec) +2.0 +2.0 6.0 +5.0

The sidewalls with windows were an additiona!l source of Mach number uncertainty.
According to the Tunnel 1T calibration (Ref. 8), use of the windows can resuli in significant
variation in Mach number along the tunnel centerline. A statistical analysis of the centerline
Mach number resulted in the following values of 2o deviation from the mean free-stream
Mach number:

Me = 0.60 0.80 1.00 1.10 o 1.20 1.30

AM +0.005 +0.005 +0.010 +0.035 +0.045 +(.055
Model incidence angle uncertainty was less than +0.05 deg.
3.4.2 Spatial Resolution

The three-axis traverse system used in the test was capable of locating the LV probe
volume within +0.005 in. of a desired location relative to the coordinate system origin, The
uncertainty of model position relative to the origin, discussed previously in Section 3.2, was
a potential source of significantly larger errors. Changes in the test section axial location as
large as 0.25 in. were observed. By using the linear displacement transducer (Fig. 9),
x-coordinate accuracy of +0.010 in. was maintained. However, the y and z components of
tunnel motion were not continuously measured; therefore, it was necessary to frequently
confirm those medel coordinates using the laser velocimerer.

Determination of the vertical (z) position of the model upper surface was accomplished
by lowering the focal volume from above the model until it touched the surface and then
recording the vertical position of the traverse. The error introduced by the focal volume
diameter was minimized by repeating the operation on the lower surface of the symmetrical
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model and averaging the two traverse system readings. Using this procedure, the vertical
position of the model centerline could be determined to within +0.010 in. The results are
not affected by tunnel flow angularity and are only slightly dependent upon model attitude
for bodies of revolution parallel to the x axis.

A velocity scan was used to determine the lateral {y) position of the model. Laser velocity
data were recorded at 15 to 20 points along a constant y-z line from one side of the model to
the other in the region of high-velocity gradieni near the model nose. The actual model
centerline position could usuaily be determined to within +0.030 in, from the symmetry of
the velocity distribution in the y direction. The technique can be used for most models
symmetrical about a constant y plane. The results are valid at any angle of attack as long as
the yaw angle is small. An error in yaw caused by tunnel flow angularity or model
misalignment can destroy the symmetry of the upward velocity distribution resulting in a
larger y-position uncertainty. All the V, distributions observed in the test were acceptably
symmetrical.

3.4.3 Laser YVelocimeter Measurements

The LV was found to provide velocity measurements which were usually repeatable
within one percent. Laser velocimeter free-stream velocities were resclvable to within +3
ft/sec corresponding to relative uncertainties of +0.2 and +0.4 percent of M, = 1.30 and
0.60, respectively.

For each change in model configuration or tunnel condition, one or more LV
measurements were made on the tunnel centerline near tunnel station 16.5 (x/D =~ 6.0} for
comparison with velocities provided by the standard tunnel system. Although the agreement
was good below M, = 1.0, the velocimeter readings were consistently two to five percent
higher than the tunnel system values at supersonic speeds. [t appears that the difference was
caused by the adverse flow characteristics of the sidewal! windows and was not LV related at
supersonic Mach numbers. The calibration results presented in Ref. 8 indicate that tunnel
centerline velacity in the region where the LV comparison data were obtained could have
been as much as four percent higher than the tunnel mean velocity at My, = 1.0
Verification of the LV calibration was based, therefore, upon correlation with the subsonic
free-stream measurements.

A potential source of LV measurement uncertainty is the ‘‘particle lag problem’’ discuss-
ed in Refs. 4 through 7. A survey was made across the bow shock of configuration 022 at
M. = 1.301to assess the magnitude of the errer during the subject test, The results presented
in Fig. 11 show that it required approximately 0.25 in. for the mean of the LV particle veloci-
ty distribution ta again equal the velocity of the fluid following the relatively instantaneous
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300-ft/sec fluid velocity decrease across the shock wave. Such a response indicates that the
particle population within the fluid was made up of enough sufficiently small particles to
provide accurate fluid velocity measurements in the flow field.

4.0 RESULTS AND DISCUSSION
4.1 WING/STORE INTERFERENCE

Model surface pressure coefficient distributions are presented in Fig. 12 for model con-
figurations 111, 011, and 100. Chordwise distributions at three spanwise stations on the wing
{configuration 100), computed using the method presented in Ref. 20, have been included
for comparison. A theoretical axial distribution computed by the method presented in Refs.
16 and 17 for a single MK-83 store (configuration 011) has also been presented. The
calculated distributions correlate well with the experimental results for both the wing only
and store only. Dotted fairing lines have been included with the configuration 111 data since
no calculated pressures were available.

Flow-field velocity measurements in the y/D = 0 plane are presented in Fig. 13 for the
same wing/store configurations. The vectors represent the projection of the total-velocity
vector in the survey plane.

Examination of Fig. 13 reveals significant differences in the flows resulting from the
three configurations. The vectors obtained for the wing alone {configuration 100} show the
effect of the wing leading edge which was located at x/D = 1,43 and z/D = 1.4 in the y/D
=-0 plane. The flow appears to have turned upward and decelerated as it approached the
wing leading-edge stagnation region, then accelerated downward to align itself with the wing
lower surface. The wing-induced downwash propagated wgll'into the flow field as evidenced
by the vectors along the store centerline. The effect of the store nose stagnation region was
stronger than that of the wing. The disturbance appears as a deflection and decrease in
magnitude of the velocity vectors near the store nose. An additional effect of the store can
be seen as an increase in vector magnitude in the expansion region at x/D = 3.0.

The configuration 111 flow field exhibits the ¢ombined effects of both the wing and
store. The store shows a stronger influence except in the region very near the wing. The
combined effect of the wing and store stagnation regions can be seen as a further decrease in
velocity in the vicinity of the store nose and the wing leading edge. Velocities in the channel
formed by the wing and store were larger at x/D = 5.7 than those induced by either the wing
or the store alone. The presence of such velocities in that region is consistent with the
pressure measurements presented in Fig. 12,

10
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The magnitude of flow-field measurements made along the x axis beneath the wing
(configuration 100) are presented in Fig. 14. The data represent the distribution of velocity
induced at the store centerline by the wing alone.

A survey was made across the shock wave between the wing and store of configuration
111. The measurements presented in Fig. 15 indicate thar the flow accelerated from the
upstream condition, V,, = 1,045 fi/sec, to sonic velocity at x/D = 5.0 and continued to
accelerate to over 1,200 ft/sec. The fluid velocity distribution shown in the figure was
deduced from the data available and has been included for comparison with the LV particle
velocity measurements. The distribution is based upon the shock location from the Fig. 8
shadowgraph and the velocity decrease across a shock computed using the maximum
measured velocity as the upsiream condition. It would seem reasonable that the difference
between the measured and proposed velocity distributions was caused by the “*particle lag
problem.’’ However, the calculated velocity decrease was less than half of the value obtained
for the Fig. 11 shock. Yet, it required four times as far (1.0 in.) for the particle velocity to
readjust to that of the fluid.

If the discrepancy is to be attributed to particle dynamics, one must assume that the
particle size distribution in the population was different from that in the Fig. 11 case. A
significant reduction in the percentage of small, flow-following particles would be required
to produce the observed result. It seems maore reasonable to assume that the LV
measurements reflect an unsteadiness in the flow coupled with slight changes,in wing/store
shock position. The effect of shock movement was probably negligible in the-Fig. 11 results
because of the stable nature of the bow shock.

Figure 16 illustrates the distribution of the vertical velocity component, V;, between the
configuration 111 bodies. The data were obtained in a constant z plane (z/D = 0.874).
Effects of the wing appear 1o be dominant over those of the store. The large gradients in
both the x and y directions observed between x/D = 1.0 and 2.0 show the influence of the
swept wing leading-edge and wing circulation. The upwash and downwash caused by the
wing angle of attack dominate the remaining profiles.

4.2 STORE-ON-STORE INTERFERENCE
Shadowgraphs of several store configurations were taken at selected wind tunnel

conditions to determine the shock pesition and shape at each Mach number. These are
presented for configurations 011, 012, and 022 in Figs. 17, 18, and 19, respectively.

11
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The pressure distribution on the MK-83 store is presented in Fig. 20. The symbols
represent the average value at cach axial station. The theoretical pressure distributions
denoted by the solid lines were computed using the relaxation technique described in Refs.
16 and 17. Correlation is good for all Mach numbers except M,, = 1.05. The position of the
aft normal shock at M, = 1.00 predicted by the theory to be at x/D = 5.8 is confirmed by
both the pressure measurements and the shadowgraph shown in Fig. 17. The transition to
fully supersonic flow over the store computed to occur before M, = 1.05 is also consistent
with the shadowgraph shown in Fig. 17.

Flow-field vector projections in a constant y plane for the two-store configuration are
presented in Fig. 21. An unexpected flow characteristic appears in Fig. 21b for configuration
022, The velocity between the stores decreases sharply aft of the x/D = 1.2 station and
remains low even beyond the aft shoulder at x/D = 2.5. This flow pattern is quite different
from that observed at the lower Mach numbers for the same store configuration (Refs. 14
and 15).

Profiles of the velocity component, V,, in the horizontal plane of symmetry of each two-
store configuration are illustrated in Fig. 22 for My = 1.1. These data clearly verify the
presence of a disturbance between the M-117 stores. In addition, a similar effect, although
not nearly as strong, can be seen between the MK-83 stores. Axial distributions of the mean
velocity component, V,, and the standard deviations of both the V, and V, histograms were
obtained by combining the data presented in Fig. 22 with additional measurements made:
between x/D = 0.9 and 2.0. These are presented in Fig. 23 for conﬁ'guralion 022. The
velocity, V,f, appears 10 have reached over 1,200 ft/sec on the centerline, y/D = 0, at
approximately x/D = 1.4 before decreasing suddenly to less than 200 fi/sec at x/D = 2.5.
The corresponding standard deviation, ox, shown in the same figure, maintained the
nominal free-stream value of 40 ft/sec until the flow neared the model shoulder at x/D =
1.3. The value then increased rapidly to a maximum of 400 ft/sec at x/D = 1.6 followed by
a gradual decrease to a minimum at x/D = 2.3 of 200 ft/sec. At that point, adjacent to the
model aft shoulder, both standard deviations, ox and vz, began to increase, probably as a
result of the wake region turbulence,

It is significant that no increase was observed in the V, standard deviation between x/D
= 0 and 2.5 while the V, standard deviation increasea an order of magnitude in that
distance. Similar occurrences of velocity fluctuation in only one component have been
observed in previous measurements using an L.V (Refs. 2 through 7, 18, and 19). In each
case, the fluctuations appear to have been in conjunction with a time-dependent {low field,
Based upon the extremely large standard deviation computed for the V, data set at x/D =
1.6 (i.e, ox = 400 ft/sec), it seems reasonable to assume that the flow at that point was time
dependent. The high mean velocity (Vy, =~ 1,000 ft/sec), coupled with an unusually large
flatness factor value of 3.74 for the V, data set, suggest that an unstable shock wave might
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have been present, sweeping back and forth along the centerline across the measurement
point. (Flatness factor or kurtosis is the fourth moment of a statistical sample and is equal to
3.0 for a gaussian distribution, Ref. 2.)

The presence of a normal shock has already been implied by the observation of
supersonic flow immediately upstream at x/D = 1.4. Fluctuation of the shock could explain
why it could not be detected in the shadowgraph in Fig. 19.

Similar distrubances were observed for configuration 022 at both M, = 0.80 and 1.30.
A statistical analysis of the LV data at those Mach numbers revealed large siandard
deviations and flatness factor values at the same locations within the store flow fields. The
standard deviation was found to generally increase with Mach number within the gap
between the stores.

No evidence of such a disturbance appeared for configuration 012 at M, = 0.80.
Fluctuations seem to have been present at both Mg, = 1.10 and 1.30, although to a much
lesser degree than for configuration 022. The maximum standard deviation occurred at
approximatiely x/D = 4.0.

Profiles of the vertical velocity component, V,, along lines of constant z are shown in
Fig. 24 for configuration 012. Only one quadrant was investigated because of the two planes

of symmetry at y/D = 0 and z/D = -0.525.

Flow-field surveys for the three-store configurations are presented in Fig. 25. The
vertical position of the lower stores, which are located on either side of the survey plane, is
indicated by the dotted line. No velocity data were obtained within the outlined area since

-the region was hidden by the nearer store.

The velocity fluctuation observed between the stores of configurations 012 and 022 was
naot detected in the flow fields of either three-body configuration for the test Mach numbers
of 0.60 and 0.80. The highest standard deviation observed (ox = 97 ft/sec) was near x/D =
2.0 of configuration 023 in the channel formed by the upper store and one of the lower
stores. For configuration 013, the standard deviation remained less than the free-stream
value of 35 to 40 ft/sec at both Mach numbers. ’

By carefully selecting survey points and using the previously described technique for
resolving the third component, V,, a more comprehensive picture of the total flow field can
be obtained. Projections of the total-velocity vectors are presented in Fig. 26 for the three-
body configuration. The data illustrate the highly three-dimensional nature of the flow field.

13
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An anomaly occurs in the center of configuration 013 where three veciors of finite rather
than zero magnitude exist. The resolved value of velocity at the same point for configuration
023 was computed to be zero.

5.0 CONCLUDING REMARKS

An LV was used to provide velocity measurements in the transonic flow field of several
wing and/or store combinations. The LV data are consistent with shadowgraph, model
pressure measurements, and available theoretical calculations. The capability of the LV to
obtain nonintrusive measurements in the region between a wing and store or multiple stores
has been demonstrated. The ““particle lag”’ effects are apparently insignificant throughout
the flow field except in the region immediately downstream of each shock wave,

An unexpected unsteady flow phenomena was revealed by the LV measurements in the
narrow gap between two stores. The existence of the fluctuating flow illustrates the
importance of considering all the information provided by the statistical analysis of each LV
data set.

A technique has been developed for resolving three-component data from two-
component measurements in the limited situations where favorable symmetry conditions
exist.
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in aerodynamic wind tunnel (1T).

TRAVERSE SYSTEM 28



Laser

velocimeter remote electronic processing system.

§-6L-H1-003V



AEDC-TR-79-5

st

e

b. M_=0.92
Figure 8. Shadowgraphs showing shock between wing and store.
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Figure 17. Shadowgraphs of single MK-83 store (configuration 011).
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Figure 17. Concluded.
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a. M_=0.80 b. M_=0.85

c. M_=0.90 d. M_=0.95

Figure 19. Shadowgraphs of two M-117 stores (configuration 022).
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NOMENCLATURE
a Axial distance from store nose, in. (Fig. 2)
c Wing chord, in.
Co Local pressure coefficient, {p - Px)/Qw
d Local store diameter, in. (Fig. 2)
D Store maximum diameter, in.
Ma Free-stream Mach number
M Local Mach number
N Number of stores (Fig. 4)
P Local pressure measured at a model orifice, psfa
P Free-stream static pressure, psfa
Qoo Free-stream dynamic pressure, psfa
5 Store identification number (Fig. 4)
t Half-thickness of wing, in. (Fig. 2)
Vi Vy, V3, Vyr Local velocity components obtained by the laser velocimeter, ft/sec
Vo Free-stream velocity from the standard tunnel system, ft/sec
W Wing identification number (Fig. 4)
XY,z Cartesian coordinates, in. {Fig. 4)
x',y',2' Cartesian coordinates rotated ¢ degrees about x axis, in. (Fig. 10)
X Chordwise distance from wing leading edge, in. (Fig. 2)
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SUBSCRIPTS

Ala’IEIe’

X V.2

Standard deviation

Angle of rotation of X’ y’ z’ coordinate systerh relative of xyz system
about the x axis, deg (Fig. 10)

Angle of a row of store pressure orifices relative to vertical, deg (Fig. 3)

Designated point in flow field (Fig. 10}

Indicate coordinate direction (Fig. 23)
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